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By using scanning tunneling microscopy (STM) we find and characterize dispersive, energy-
symmetric in-gap states in the iron-based superconductor FeTe0.55Se0.45, a material that exhibits
signatures of topological superconductivity, and Majorana bound states at vortex cores or at impu-
rity locations. We use a superconducting STM tip for enhanced energy resolution, which enables us
to show that impurity states can be tuned through the Fermi level with varying tip-sample distance.
We find that the impurity state is of the Yu-Shiba-Rusinov (YSR) type, and argue that the energy
shift is caused by the low superfluid density in FeTe0.55Se0.45, which allows the electric field of the
tip to slightly penetrate the sample. We model the newly introduced tip-gating scenario within the
single-impurity Anderson model and find good agreement to the experimental data.
I. INTRODUCTION
The putative s± superconductor FeTe0.55Se0.45 is pe-
culiar because it has a low Fermi energy and an unusually
low and inhomogeneous superfluid density [1–6]. It has
been predicted to host a topological superfluid and Majo-
rana zero-mode states [7–9]. These predictions have been
supported by recent experiments: photoemission has dis-
covered Dirac-like dispersion of a surface state [10] while
tunneling experiments have concentrated on in-gap states
in vortex cores, which have been interpreted as Majorana
bound states [11, 12] since the low Fermi energy allows
to distinguish them from conventional low-energy Caroli-
Matricon-de Gennes states [13].
In-gap states have a long history of shining light into
the properties of different host materials, and have al-
lowed to bring insight into gap symmetry and structure,
symmetry breaking, or the absence of scattering in topo-
logical defects, to name a few [14–23]. Impurity bound
states have also been investigated in chains or arrays of
magnetic impurities on superconducting surfaces where
they can lead to Majorana edge-states [24–27]. In the
case of FeTe0.55Se0.45, zero-bias in-gap resonances have
become a primary way to identify Majorana bound states
at magnetic impurity sites or in vortex cores. At impurity
sites, robust zero-bias peaks have been reported at inter-
stitial iron locations which suggest the presence of Majo-
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rana physics [28]. In addition, very recently STM exper-
iments reported signatures of reversibility between mag-
netic impurity bound states and Majorana zero modes
by varying the tip-sample distance on magnetic adatoms
[29]. Interestingly, there have also been signatures of spa-
tially varying in-gap impurity states [30, 31] which are
not yet understood.
Here we report the detection of in-gap states at sub-
surface impurities, which are spatially dispersing, i.e.
they change energy when moving away from the impurity
site by a distance of ∆y. The energy can also by tuned
by changing the tip-sample distance (∆d). We argue that
the most likely explanation of our observations involves
a magnetic impurity state of the YSR type affected by
the electric field of the tip. We show good agreement be-
tween our experimental findings and the single impurity
Anderson model.
II. RESULTS AND DISCUSSION
A. Detection of a particle-hole symmetric in-gap
state in FeTe0.55Se0.45
We use FeTe0.55Se0.45 samples with a critical tempera-
ture of TC = 14.5 K. They are cleaved at ∼ 30 K in ultra-
high vacuum, and immediately inserted into a modified
Unisoku STM at a base temperature of 2.2 K. To increase
the energy resolution, we perform all tunneling experi-
ments using a superconducting tip, made by indenting
mechanically grinded Pt-Ir tips into a clean Pb(111) sur-
face. With the superconducting tip and to leading order
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2FIG. 1. Scanning Tunneling Microscopy on FeTe0.55Se0.45 with a superconducting tip. (a) Atomically resolved topographic
image (25 × 25 nm2) of FeTe0.55Se0.45 cleaved surface acquired with a Pb coated Pt/Ir tip (see inset) at 2.2 K in ultra-high
vacuum. Setup condition: Vset = −8 mV, Iset = −100 pA. (b),(d),(f) Average differential conductance spectra in the areas
(r1, r2, r3) marked by the black circles in (a). r1: no in-gap states. r2: two in-gap resonances at ±1.3 meV. r3: two sets of
symmetric peaks around the Fermi level. (c),(e),(g) Deconvolution of the spectra shown in (b),(d),(f), respectively, provide
information about the intrinsic LDOS of the sample in the indicated areas. In r2 a zero-bias impurity state is recovered and in
r3 two in-gap states are observed. Setup conditions: (b) Vset = 6 mV, Iset = 1.2 nA, (d),(f) Vset = 5 mV, Iset = 2 nA. Lock-in
modulation is Vmod = 30 µV peak-to-peak for all measured spectra.
in the tunnel coupling, the current-voltage (I − V ) char-
acteristic curves are proportional to the convolution of
the density of states of Bogoliubov quasiparticles in the
tip and the sample
I(r, V ) ∼
∫
Dt(ω + eV )Ds(r, ω)×
[f(ω, T )− f(ω + eV, T )]dω, (1)
where Ds(t) is the density of states of the quasiparticles in
the sample (tip), f(ω, T ) is the Fermi-Dirac distribution
at temperature T and e is the electron charge. In such a
superconducting tunnel junction the coherence peaks in
the conductance spectra, dI/dV (r, V ), appear at ener-
gies: ±(∆t + ∆s), where ∆s(t) is the quasiparticle excita-
tion gap of the sample (tip). In addition, the energy reso-
lution is far better than the conventional thermal broad-
ening of ∼ 3.5kBT (kB is the Boltzmann constant) since
it is enhanced by the sharpness of the coherence peaks
of Dt [32]. To obtain the intrinsic local density of states
(LDOS) of the sample, Ds(r, ω), we numerically decon-
volute our measured dI/dV (r, V ) spectra while retaining
the enhanced energy resolution (for more details see Sup-
plemental Material [33]). For this, we use our knowledge
of the density of states of the tip with a gap of ∆t = 1.3
meV from test experiments on the Pb(111) surface using
the same tip.
Figure 1(a) shows a topography of the cleaved surface
of FeTe0.55Se0.45 obtained with a Pb coated tip (see in-
set). Brighter (darker) regions correspond to Te (Se) ter-
minated areas of the cleaved surface which has a tetrag-
onal crystal structure. Spatially resolved scanning tun-
neling spectroscopy shows that most locations have a flat
gap as shown in Figs. 1(b)-(c). However, when we ac-
quire spectra at specific points indicated by black circles
(r2 and r3) in Fig. 1(a), we find sharp in-gap states.
Figures 1(d)-(e) and 1(f)-(g) show such states, both in
the raw data as well as in the deconvoluted results. The
measured in-gap state is symmetric in energy, i.e. it is
visible at ±Eig (Fig. 1(g)), or at the Fermi level, Eig = 0
(Fig. 1(e)). In the raw data (before numerical decon-
volution) the states are located at energies ±(∆t ± Eig)
(see arrows in Fig. 1(d) and 1(f)) due to the use of the
superconducting tip.
B. Spatial dispersion of the in-gap state
In order to characterize the impurity in more detail we
acquire a spatially resolved dI/dV (r, V ) map in the area
shown in Fig. 2(a). Three energy layers of the deconvo-
luted map depicting the LDOS variations are shown in
Figs. 2(b)-(d). The impurity exhibits a clear ring-shaped
feature which eventually becomes a disk with smaller ra-
dius at the Fermi level. A spatial line cut profile along
the red dashed line shown in Fig. 2(b) reveals two sym-
metric resonances around zero energy that extend over
∼ 10 nm in space (Fig. 2(e)). Importantly, the ener-
3FIG. 2. X-shaped spatial dispersion of impurity resonances in FeTe0.55Se0.45. (a) Topographic image at the impurity location
(r0 indicates the impurity center). No clear signature of the impurity is observed. Setup conditions: Vset = −8 mV, Iset = −100
pA. (b)-(d) Spatially resolved LDOS maps at different energies obtained by deconvolution of a dI/dV (r, V ) map in the same
field-of-view as in (a). The energy of each LDOS map is indicated at the bottom right corner. (e) Measured differential
conductance intensity plot of a vertical linecut passing through the impurity center r0 (∆y = 0 nm). The linecut was taken
along the red dashed line in (b). A crossing of the in-gap resonances at the impurity center is observed. Setup conditions:
Vset = −8 mV, Iset = −1.6 nA. Lock-in modulation is Vmod = 100 µV peak-to-peak, (f) Deconvolution of the measured spectra
in (e) shows an X-shaped dispersion of the sub-gap states crossing the Fermi level at the impurity center. The blue arrows
indicate the energy of the maps in (b)-(d). (g) Series of LDOS spectra depicting the X-shaped spatial dispersion shown in (f).
gies of the in-gap states vary spatially as shown in the
spatial cuts (Figs. 2(e)-(g)) obtained from the same con-
ductance map. The dispersion of the in-gap states shows
an X-shaped profile where the crossing point is indicated
with r0 (Fig. 2(a)). In more detail, the state is at zero
energy at r0, and then moves away from the Fermi level,
before fading out slightly below the gap edge. We will
show later that the character of this dispersion is de-
pendent on the tip-sample distance, and that there can
also be zero or two crossing points. By inspecting the
topography at r0 we find no signature of irregularities,
which points towards a sub-surface impurity defect as
the cause of the observed in-gap peaks in the spectra.
Similar observations have been reported previously on
FeTe0.55Se0.45, but without a clear energy cross at the
Fermi level [30, 31].
C. YSR impurity states
Our observations are reminiscent of YSR states caused
by magnetic impurities in conventional superconductors
[32, 34–37]. When a single magnetic impurity is cou-
pled to a superconductor with energy gap ∆ via an ex-
change coupling J then the ground state of the many-
body system depends on the interplay between supercon-
ductivity and the Kondo effect (described by the Kondo
temperature TK). For ∆ >∼ kBTK the superconducting
ground state prevails (unscreened impurity) whereas for
∆ < kBTK the Kondo ground state dominates (screened
impurity). In each case, quasiparticle excitations above
the ground state give rise to resonances symmetrically
around the Fermi level inside the superconducting gap.
In an STM experiment, this results in peaks in the con-
ductance spectrum at the energy of the two YSR excita-
tions which is determined by the product νFJS, where S
is the impurity spin and νF the normal state density of
states in the superconducting host (FeTe0.55Se0.45 in our
case).
4FIG. 3. Energy dispersion of the sub-gap resonances as a function of the tip-sample distance. (a) Conductance intensity plot
for varying tip-sample distance (∆d) normalized by the normal state resistance RN. The in-gap states disperse and cross at
the Fermi level. (b) Same as in (a) for the deconvoluted LDOS data. Inset: schematic representation of the tip movement
when we vary the tip-sample distance (∆d) and when the tip scans laterally (∆y and ∆x) at a constant height. (c)-(d)
Azimuthally-averaged radial profiles at different tip-sample distances indicated by blue arrows in (b). ∆r, indicates the radial
offset
√
∆x2 + ∆y2 from the impurity center (∆r = 0). (e) Energy of the impurity bound state for varying tip-sample distance,
extracted by fitting a lorentzian curve in 5 intensity plots (see Supplemental Material [33]) similar to (c)-(d).
It is important to note that the s± symmetry of the
order parameter in FeTe0.55Se0.45 can lead to a very simi-
lar phenomenology between magnetic and potential scat-
terers. While in conventional s-wave superconductors,
magnetic impurities are required to create in-gap (YSR)
states, in s± superconductors, sub-gap resonances can
also occur for non-magnetic scattering centers. This can
be shown using different theoretical techniques, including
T-matrix method [38, 39], Bogoliubov-de Gennes equa-
tions [40, 41] and Green’s functions [42–44] applied to
multiband systems with s± symmetry. The similarity of
magnetic and potential scatterers makes a distinction be-
tween these cases more challenging (but possible, with an
external magnetic field [29]). In either case, theory pre-
dicts energy-symmetric in-gap states with particle-hole
asymmetric intensities.
The X-shaped phenomenology of the in-gap states
shown above shares also similarities with bound-states
that have been observed in Pb/Co/Si(111) stacks [45],
where they have been interpreted as topological [45, 46].
However, as we will show here, in our experiments the
single point of zero bias is just one particular case of a
manifold of dispersions that depend on the tip-sample
distance.
D. Tuning the energy of the in-gap state with the
tip
Figure 3(a) shows an intensity plot of a series of spec-
tra above r0, the location showing the zero-bias impu-
rity state, with changing tip-sample distance (see inset
for a schematic). We normalized each spectrum by the
normal state resistance RN = Vset/Iset. In order to re-
duce the distance, we control the tip in constant cur-
rent feedback and increase the set-point for the current
while keeping the voltage bias constant. In addition, we
measure the tip-sample distance relative to the set-point:
Vset = 5 mV, Iset = 0.4 nA. Strikingly, we observe a
shift in the energy of the in-gap state with varying the
tip-sample distance ∆d. When the tip is brought closer
to the sample surface, the sub-gap resonances shift to-
wards the Fermi energy (Fig. 3(b)) where they cross and
split again. We also point out that there is a strong
particle-hole asymmetry in the intensity of the in-gap
resonances. It can be clearly seen in Fig. 3(b) that the
relative intensity between the positive (p) and negative
(n) resonances (Ip − In) changes sign after the cross at
the Fermi level. To obtain a more complete picture of
the tuning of the in-gap states as we vary ∆d, we mea-
sured five dI/dV (r, V ) maps (each at different tip-sample
distance) and analyzed azimuthally-averaged radial pro-
files through the impurity center (Figs. 3(c)-(d) show
two of these profiles. See Supplemental Material [33] for
the other 3). We extract the energy of the resonances
by Lorentzian fits (Fig. 3(e)), to observe that they cross
5the Fermi level at the impurity center when being close
to the sample. This is the first time that such a crossing
has been observed in an unconventional superconductor.
E. Microscopic origin
The important question that arises is: what tunes the
impurity resonances that we observe? In previous ex-
periments with magnetic ad-atoms or ad-molecules on
conventional superconductors [47, 48], it has been shown
that the force of the tip changes the coupling between
moment and substrate, and that the coupling J and the
YSR energy could be tuned in this way. In this case,
when the energy crosses the Fermi level at the critical
coupling JC, a first-order quantum phase transition be-
tween the singlet (screened) and the doublet (unscreened)
ground state is expected [47, 49]. Very recently, a similar
force-based scenario has been reported in different sys-
tems involving magnetic ad-atoms on top of supercon-
ductors [14], including Fe(Te,Se) [29]. As discussed in
the Supplemental Material [33], a similar scenario can in
principle explain the sub-gap dispersion discovered here.
However, as the impurity is not loosely bound on top
of the surface in the present case, a movement between
a sub-surface impurity and the superconductor due to
the tip force as the cause for the tuning, seems unlikely.
Therefore, we pursue alternative mechanisms. Motivated
by the phenomenology of semiconductors [50] or Mott in-
sulators [51], where the tip can act as a local gate elec-
trode (mediated by the poor screening), we propose a
similar gating scenario for YSR states in the present case:
the electric field of the tip can tune the energy of the im-
purity state and thus lead to a dispersing YSR state.
First, we note that there can be a significant differ-
ence between the work functions of the tip and the sam-
ple. Typical work functions are in the range of a few
electronvolts, and differences between chemically differ-
ent materials of the order of an electronvolt are common
(see Supplemental Material [33]). Hence, it is possible
to have a voltage drop between them that is larger than
the applied bias. Secondly, the low carrier density in
FeTe0.55Se0.45 leads to a non-zero screening length giv-
ing rise to penetration of the electric field of the tip inside
the sample. An estimation of the penetration depth in
the sample can be made in the Thomas-Fermi approxi-
mation. In this framework, the screening length is given
by λTF = (pia0/4kF)
1/2, where a0 is the Bohr radius and
kF the Fermi wave-vector. Using reported parameters
[10, 11], this yields λTF = 0.5 nm, which is comparable
to the inter-layer distance [52]. An impurity residing be-
tween the topmost layers is thus affected by the electric
field of the tip.
Based on these considerations, we conclude that it is
possible that the tip acts as a local gate electrode that
influences the energy levels of the impurity, which in
turn influences the energy of the in-gap states, as we
will demonstrate in the modelling carried out below. By
adjusting the tip-sample distance the field penetration is
modulated leading to an energy shift of the in-gap res-
onances. The spatial dependence can be explained sim-
ilarly: when moving the tip over the impurity location,
we change the local electric field, which is at a maximum
when the tip is right above the impurity, with details
depending on the tip shape.
F. Gate-tunable single impurity Anderson model
We model the sub-gap state as a YSR state arising
from the magnetic moment of a sub-surface impurity
level, whose energy is effectively gated by the tip-induced
electric field. It should be noted that the sub-gap states
arising in an s±-wave superconductor from a simple non-
magnetic impurity can produce a dispersive cross in the
in-gap energies as a function of the impurity potential.
However, this is only true for a particular range of po-
tentials, and will not generally trace out a single disper-
sive cross as a function of the impurity strength [40, 42].
Therefore, we are led to conclude that the impurity at
hand involves a finite magnetic moment. Local impurity-
induced magnetic moments may indeed be particularly
prominent in correlated systems like FeSe where even
nonmagnetic disorder, in conjunction with electron in-
teractions, can generate local moments [53]. Because of
the magnetic nature of the disorder site, the results of our
calculations are qualitatively independent on whether we
treat the system as an s or s±-wave superconductor. For
simplicity, we perform our calculations assuming stan-
dard s-wave pairing.
The superconducting single impurity Anderson model
[54] involves an impurity level 0 with charging energy U
coupled via a tunneling rate Γs to a superconducting bath
with energy gap ∆s [55–57]. We represent the sample by
a simple s-wave Bardeen-Cooper-Schrieffer (BCS) super-
conductor, and use the zero-bandwidth approximation,
including only a single spin-degenerate pair of quasipar-
ticles at energy ∆s [56, 58]. We further assume that the
gating from the tip changes the impurity level 0 linearly
with distance. We then obtain the YSR states by calcu-
lating the local impurity spectral function, DI(ω, 0), as
a function of 0 (and thus of gating) using the Lehmann
representation (see Supplemental Material [33] for de-
tails). The result is plotted in Fig. 4(a), where the ob-
served crossing of the sub-gap states indicates a change
between singlet, and a doublet ground state [59]. From
the spectral function we can determine the current using
leading-order perturbation theory in the tunnel coupling
connecting the impurity to the tip, tt:
I(V ) =
e|tt|2
h¯
∫
Dt(ω + eV,∆t, γt)DI(ω, 0)×
[f(ω, T )− f(ω + eV, T )]dω, (2)
here Dt(ω,∆t, γt) is the spectral function of the super-
conducting tip with a finite quasiparticle broadening in-
corporated as a Dynes parameter [33, 60], γt and h¯ the
6FIG. 4. Anderson impurity model for Yu-Shiba-Rusinov bound states. (a) Local density of states as a function of level energy
0. The impurity spectral function was calculated within the zero-bandwidth approximation using the Kllen-Lehmann spectral
representation for the retarded Greens function (see Supplemental Material [33]). Red and blue lines indicate the two different
0 sweeps plotted in (b) and (c), respectively. (b)-(c) Relaxation dominated tunneling conductance calculated to leading order
in the tip-impurity tunneling rate Γt. (b) and (c) are plotted on the same color scale and labels in (b) refer to processes in
(d). (d) Guide to the eye for different conductance contributions in (b) and (c). Processes 2-3 require a finite population of
the excited state, in this case supplied by temperature. For all panels we use U = 3, Γs = 1.5, Γt = 0.03, γ = Γr = 0.035 and
kBT = 0.2, all in units of ∆s.
reduced Planck’s constant. A phenomenological relax-
ation rate, Γr, is incorporated into the Lehmann repre-
sentation, (see Supplemental Material [33]), to construct
DI(ω, 0). This parameter accounts for quasiparticle re-
laxation of the YSR resonances at ω = ±Eig. The va-
lidity of the expansion in Γt = piνF|tt|2, which captures
only single electron transport and omits Andreev reflec-
tions, rests on the assumption that the sub-gap state
thermalizes with rate Γr between each tunneling event.
In the opposite limit, Γt  Γr, transport takes place
via Andreev reflections, and the sub-gap conductance
peaks at eV = ±(∆t+Eig) would be of equal magnitude,
even though the underlying spectral function is generally
asymmetric [37]. We note that in principle, shot noise
experiments [33, 61, 62] or photo-assisted tunneling [63]
experiments could differentiate between the two cases.
The experimental data shown in Fig. 3 display a marked
asymmetry, consistent with our assumption of relaxation
dominated transport where conductance asymmetry will
follow the asymmetry of the underlying spectral function.
Next, we investigate the situations where the tip moves
over the impurity along the surface, or towards the im-
purity as a function of tip-sample distance ∆d. These
situations are marked with blue and red arrows in Fig.
4(a), respectively. In Figs. 4(b)-(c) we then plot sub-
gap conductance as a function of level position, 0, cor-
responding to the red/blue traces, assuming a linear de-
pendence of 0 with tip-sample distance. The agreement
between our model and the data is good, both in terms of
the energy dispersion and the asymmetry. Also, in both
experiment and theory, additional conductance peaks at
eV = ±(∆t−Eig) are visible close to the singlet-doublet
phase transition. We interpret these lines as the addi-
tional single electron processes shown in Fig. 4(d), which
arise from thermal population of the excited state close to
the phase transition where Eig <∼ kBT . The conductance
peaks at ∆t±Eig meet at the point where the YSR states
cross zero energy, signaling the change between singlet,
and doublet ground states, and the asymmetry in inten-
sity between the conductance peaks at eV = ±(∆t+Eig)
switches around.
The good agreement between this simple model (Figs.
4(b)-(c)) and the data presented in Figs. 2(e) and 3(a),
supports our interpretation that the tip exerts an effec-
tive gating of the impurity. At this point, we are not able
to exclude an alternative scenario, in which the impurity-
substrate coupling, Γs, depends monotonically on the tip
distance [47]. We discuss alternative scenarios further in
the Supplemental Material [33], but the fact that our im-
purity is below the surface and the excellent agreement
between the model and the data lead us to conclude that
the gating scenario is most likely in the present case.
7III. CONCLUSION
In summary, we have reported on the properties of en-
ergy symmetric in-gap states in FeTe0.55Se0.45 that can
be tuned through the Fermi level. These states extend
over a large (∼ 10 nm) area around the center locations.
Our data point towards a sub-surface magnetic impurity
embedded in a low-density superfluid with large screen-
ing length that leads to YSR-like in-gap states. We pro-
pose a novel tip-gating mechanism for the dispersion and
perform calculations within the single impurity Ander-
son model that show excellent agreement with the data.
Such a mechanism could also play a role in previous ex-
periments on elemental superconductors or heterostruc-
tures. How such states are related to the topological su-
perconductivity in FeTe0.55Se0.45 remains an open ques-
tion. Our work further shows that one needs to be care-
ful when interpreting zero-bias peaks in putative topo-
logical states, and junction resistance dependent exper-
iments are a necessary – ideally combinded with other
techniques such as noise spectroscopy [33, 64–66], spin-
polarized STM [67], or photon-assisted tunneling [68] will
allow for better understanding. Independent of this, tun-
able impurity states like the one we report here could of-
fer a platform to study quantum phase transitions, impu-
rity scattering, and the screening behavior of superfluids.
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2I. DECONVOLUTION OF SPECTRAL DENSITY
In order to obtain the local density of states (LDOS) of the sample we use a deconvolution algorithm which subtracts
the density of states of the tip from the measured spectra. We follow the same procedure as in Refs. [1, 2]. The
first step is to characterize the tip density of states. This is done by taking spectra with a Pb tip on Pb as described
elsewhere [3]. We fit these spectra with
(
dI
dV
)
Pb−Pb
=
1
eRN
∫ {
∂Dt(ω + eV )
∂V
[f(ω)− f(ω + eV )]−Dt(ω + eV )∂f(ω + eV )
∂V
}
Dt(ω)dω, (S1)
in order to extract the gap ∆t and the broadening term γt of the tip. For the Dt(ω,∆t, γt), a modified Dynes formula
is used
Dt(ω,∆t, γt) = Re
[
sgn(ω)
ω√
ω2 + 2iγtω −∆2t
]
. (S2)
Good agreement is found for ∆t = 1.3 meV and γt = 45 µeV. Next, we discretize the theoretical tunneling formula
for the differential conductance(
dI
dV
)
j
=
1
eRN
∑
i
{
∂Dt(ωi + eVj)
∂Vj
[f(ωi)− f(ωi + eVj)]−Dt(ωi + eVj)∂f(ωi + eV j)
∂V j
}
δωDs(ωi), (S3)
where δω is the energy spacing. Note that we dropped the ∆t, γt and T dependence for simplicity. The above formula
is then solved in a matrix form in order to obtain Ds(ω).
II. ANDERSON IMPURITY IN A (ZERO-BANDWIDTH) BCS SUPERCONDUCTOR
We model the sub-surface impurity by an Anderson impurity embedded in a simple s-wave superconductor. The
total Hamiltonian reads:
Htot = HS +HT +HIMP, (S4)
where HS is the Hamiltonian for the superconductor, HT the tunneling contribution and HIMP describes the impurity.
In terms of fermion creation and annihilation operators for the superconductor (c) and the impurity level (d), each
term is given by
HS =
∑
k,σ
kc
†
kσckσ +
∑
k
(∆sc
†
k↑c
†
k↓ + ∆
∗
s ck↓ck↑), (S5)
where ∆s is the superconducting gap (here assumed to be real), and
HT =
∑
k,σ
tsc
†
k,σdσ + t
∗
sd
†
σck,σ, (S6)
where we take ts =
√
Γs/piνF and νF is the density of states near the Fermi energy for ∆s = 0, which is taken to be
constant.
HIMP =
∑
σ
0d
†
σdσ + Ud
†
↑d↑d
†
↓d↓, (S7)
with U being the charging energy of the impurity.
In the normal state, this reduces to the standard Anderson model, including mixed-valence as well as Kondo physics
below a characteristic Kondo temperature, TK. In the superconducting state, this simplifies to a single Yu-Shiba-
Rusinov (YSR) state, which can be tuned through zero energy by varying 0, as long as TK <∼ 0.3∆s [4]. Here,
we employ the zero-bandwidth approximation (ZBW), which replaces the superconducting by a single pair of BCS
quasiparticles at the gap edge,
HZBWS = ∆sc
†
↑c
†
↓ + ∆
∗
s c↓c↑. (S8)
3From comparison with numerical renormalization group calculations, this approximation is known to capture the YSR
states very well up to adjustments in the tunnel coupling, the value of which is fitted anyway [5].
In order to calculate the spectral weights of the impurity resonances in the Anderson model we use the Lehmann
spectral representation of the Greens function. Using the many-body eigenstates |n〉 and the eigenenergies En of the
ZBW Hamiltonian, the retarded Greens function on the impurity can be calculated as follows:
GRσσ′(ω) =
1
Z
∑
nn′
e−βEn
(
〈n|dσ|n′〉 〈n′|d†σ′ |n〉
ω + iΓr + En + En′
+
〈n|d†σ′ |n′〉 〈n′|dσ|n〉
ω + iΓr + En′ − En
)
, (S9)
where β = 1/(kBT ) and the partition function Z is given by Z =
∑
n e
−βEn . Here we have included a phenomenological
relaxation rate, Γr, which endows the otherwise sharp bound states by a finite lifetime broadening. The details of this
quasiparticle relaxation time are beyond the scope of this work, but our analysis of the tunnelling current assumes it
to be larger than or similar to the tip-impurity tunnelling rate, Γt. The local spectral function is expressed in terms
of the impurity retarded Greens function as:
DI(ω, 0) = − 1
pi
Im
[∑
σ
GRσσ(ω)
]
. (S10)
Figs. S1 and S2 show how this local density of (YSR) states changes with level energy, 0, and tunnelling rate Γs,
respectively. The quantum phase transition is revealed as the point by which the YSR state crosses zero energy and
the spectral weight is exchanged between positive, and negative energy states. This asymmetry in spectral weight has
a simple origin within the ZBW model. The observed excitation is between a doublet state, which is simply a single
electron on the dot (|↑d, 0qp〉, |↓d, 0qp〉), and a more complicated singlet state. This singlet state continuously evolves
from an empty impurity level, |0d, 0qp〉, at 0/U  0 to a doubly occupied level, |2d, 0qp〉, at 0/U  −1. In between,
these two singlets are mixed with the YSR singlet, formed by the singly occupied impurity level and the single BCS
quasiparticle doublet, i.e.|↑d, ↓qp〉 − |↓d, ↑qp〉 states. As the positive (negative) part of the spectral function is related
to excitations from adding an electron (hole) to the ground state, this part is largest for 0/U  0 (0/U  −1).
Precisely at 0/U = −0.5 the state is equally composed of empty and doubly occupied components and as such the
spectrum shows no asymmetry. The larger Γs, the larger the gate-range around 0/U = −0.5 in which the YSR
singlet component dominates this excited singlet state, and the lower its energy. This explains both the closing of the
doublet sector and the increased spectral symmetry as Γs/∆s increases, observed in Fig. S1.
As is evident from these two figures, the phase transition may be induced either by tuning the level energy, 0, or
the tunnel coupling, ts. As explained in the main text, previous experiments [6] have reported a tip-induced tuning
of ts by assuming a force acting on the impurity from the tip. Whereas this seems feasible for a flexible molecule
placed on the surface, we believe that this possibility is less likely in the present case, where the impurity is sub-
surfactant. No indication of lattice deformation when tip-sample distance changes (pushing or pulling) is observed
in our experiments. Therefore, we consider the effective gating mechanism much more likely to explain the observed
tuning of the sub-gap states.
III. AZIMUTHALLY-AVERAGED RADIAL PROFILES AND SPATIAL MAPPING OF THE YSR
RESONANCES
For completeness in Figs. S3(a)-(e) we present all the five azimuthally-averaged radial profiles, each at different
tip-sample distance. In Fig. S3(f) we also show a spatial map of the YSR resonances obtained by fitting a lorentzian.
IV. NOISE SPECTROSCOPY
As an extra verification for the performance of our junction, we used the Scanning Tunneling Noise Microscopy
(STNM) technique [7, 8] to measure the current noise as function of energy (noise spectroscopy) on a single location
on the FeTe0.55Se0.45 surface, not at an impurity location, with the aim to look for the doubling of current noise
due to Andreev reflections. Fig. S4(a) shows the measured current noise power as function of applied bias S(V ),
with the out of tunneling noise subtracted to remove the thermal noise component and input noise of the amplifier
S(V )−S(0). The dashed lines indicate the predicted shot noise curve [9–11] for tunneling of single electron charge (e)
and double electron charge (2e). At a bias voltage larger than the superconducting gap energies, eV > |∆t + ∆s|, the
measured noise power data follows the predicted noise power for single electron tunneling. When the bias is lowered
below the superconducting gap energies, eV < |∆t + ∆s|, the current noise clearly deviates from single electron
4charge transfer, showing a doubling of noise power to the 2e line, consistent with the appearance of Andreev reflection
processes [10–12]. To show the effective charge transferred between the Pb tip and FeTe0.55Se0.45 surface we divide the
measured noise power by the full Poissonian noise for single electron charge transport S = 2e|I|, which is shown in Fig.
S4(b). This illustrates a clear step from e to 2e charge transfer when the bias is lowered below the superconducting
gap energies eV < |∆t + ∆s|, demonstrating that the tunneling current is now effectively carried by double charge
quanta due to Andreev reflection processes that start to dominate. This is the first time such noise enhancement due
to Andreev reflection processes is shown in a junction containing an unconventional superconducting electrode (the
FeTe0.55Se0.45 surface), opening a potential new path for further investigation of the YSR or Majorana states by the
means of noise spectroscopy.
V. ESTIMATION OF THE POTENTIAL DROP IN THE VACUUM BARRIER BETWEEN TIP AND
SAMPLE
In an STM experiment there is a potential drop in the vacuum tunneling barrier [13] due to the work function
difference between tip (Wt) and sample (Ws), as illustrated in Fig. S5. As we explain in the main text, this potential
drop results into an effective electric field penetration in the sample which acts as a local gate. An estimation of the
work function difference yields that in our experiment the tip has a larger work function than the sample. In more
detail, we are using a Pt/Ir tip coated with Pb. From literature we find that the work functions are WPt/Ir = 5 − 6
eV and WPb = 4.25 eV, respectively. This yields a rough estimation of the work function of the tip Wtip = 4.5 − 5
eV. Concerning the top surface of our sample it consists of Se, WSe = 5.9 eV and Te, WTe = 4.95 eV atoms. However,
previous STM experiments [14] show that Fe(Se,Te) has a significantly smaller work function of ∼ 3 eV. This yields
a work function difference of the order of 1 eV.
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5FIG. S1: Local density of (sub-gap) states as a function of energy (ω) and impurity level energy (0) for different
values of the tunneling rate Γs as indicated on the top of each panel. The (YSR) bound state energy is highlighted
with red dashed lines. In all panels we used U/Γs = 3, together with a phenomenological quasiparticle relaxation
rate, Γr = 0.1∆s.
FIG. S2: Local density of (sub-gap) states as a function of energy (ω) and tunneling rate (Γs). The (YSR) bound
state energy is highlighted with red dashed lines. For the simulations we used U/∆s = 3, 0/∆s = −2.5, together
with a phenomenological quasiparticle relaxation rate Γr = 0.1∆s.
6FIG. S3: Azimuthally-averaged radial profiles and spatial mapping of the YSR resonances.(a)-(e)
Azimuthally-averaged radial cuts for ∆d(A˚) = 1.1,−0.2,−0.7,−1.2 and −1.4, respectively. Note that the colorbar
applies to all panels. (g) Spatial mapping of the YSR energy resonances. The energy of each resonance is obtained
by fitting a lorentzian at each point of a LDOS(r, ω) at ∆d(A˚) = −1.2.
FIG. S4: Shot-noise measurement on FeTe0.55Se0.45. (a) Measured current noise power (blue dots) as function of
applied bias on the FeTe0.55Se0.45 surface, while keeping a constant junction resistance of RN = 10 MΩ. The black
dashed lines represent the expected current noise power for q = e and q = 2e tunneling. (b) Effective charge
transferred between the Pb tip and FeTe0.55Se0.45 surface tunnel junction, obtained by dividing the measured current
noise power by the full poissonian noise 2e|I|, similar to the Fano factor. Dashed lines indicate q = e and q = 2e.
7FIG. S5: Potential drop in the vacuum barrier in a STM junction. (a) Schematic representation of the tip and
sample density of states when they are isolated. Grey shaded areas indicate filled states whereas the work function
is represented with arrows. (b) When a tunneling contact is formed due to the work function difference there is a
potential drop in the vacuum barrier.
